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We report 31P NMR measurements under various magnetic fields up to 7 T for the intermediate valence compound
EuNi2P2, which shows heavy electronic states at low temperatures. In the high-temperature region above 40 K, the
Knight shift followed the Curie–Weiss law reflecting localized 4 f states. In addition, the behavior corresponding to the
temperature variation of the average valence of Eu was observed in the nuclear spin-lattice relaxation rate 1/T1. With
the occurrence of the Kondo effect, 1/T1 was clearly reduced below 40 K, and the Knight shift becomes almost constant
at low temperatures. From these results, the formation of heavy quasiparticles by the hybridization of Eu 4 f electrons
and conduction electrons was clarified from microscopic viewpoints. Furthermore, a characteristic spin fluctuation was
observed at low temperatures, which would be associated with valence fluctuations caused by the intermediate valence
state of EuNi2P2.
1. Introduction
The localization and itinerancy of the f electron in rare-
earth compounds are closely related to their ground states.
The Kondo effect and the Ruderman–Kittel–Kasuya–Yosida
(RKKY) interaction are important interactions between f
electrons and conduction electrons, and the elucidation of spe-
cific physical properties in the vicinity of the quantum criti-
cal point (QCP), where these interactions are competing, is
one of the essential themes in the strongly correlated electron
system.1, 2) After the discovery of the well-known first heavy
electron superconductor CeCu2Si2,
3) many studies have been
conducted on peculiar physical properties near the antiferro-
magnetic QCP.1, 2) Superconductivity was also found in the
ferromagnetic materials UGe2, URhGe, and UCoGe.
4–7) The
electronic states near the ferromagnetic QCP with pressure
application and the magnetic field have also attracted consid-
erable attention, and many research studies have been carried
out.
The relationship between the valence states of f electrons
and novel electronic states is also being studied. For example,
it has been reported that the superconducting transition tem-
perature Tc of CeCu2Si2 is greatly enhanced by applying pres-
sure.8, 9) The crossover of the valence of Ce is experimentally
observed at around 4 GPa where Tc is maximum,
10) and the
occurrence of superconductivity due to valence fluctuations
is theoretically discussed.11) In addition, a heavy electronic
state in Yb compounds has been found in YbCo2Zn20 and
β-YbAlB4.
12, 13) It has been reported that β-YbAlB4 shows
not only a heavy electronic state but also quantum critical-
ity different from that of the Doniach diagram, which is of-
ten observed in Ce compounds.14) The valence of Yb in β-
YbAlB4 is estimated to be +2.75, and the intermediate va-
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lence (mixed-valence) state is presumably related to the novel
ground state of β-YbAlB4.
15) Thus, the valence instability of
rare-earth ions plays an important role in the emergence of
novel physical properties.
In this study, we focus on the rare-earth element Eu, which
has two kinds of valence states Eu2+ (4 f 7) and Eu3+ (4 f 6).
The divalent Eu state is magnetic (J = S = 7/2, L = 0), where
J is the total angular momentum, S is the spin angular mo-
mentum, and L is the orbital angular momentum. Therefore,
intermetallic compounds with divalent Eu ions tend to order
magnetically at low temperatures, following the RKKY in-
teraction.16, 17) The pressure effect on divalent Eu compounds
is often different from that of Ce compounds. For example,
in EuNi2Ge2 and EuRh2Si2, a valence transition from a diva-
lent state to an almost trivalent state occurs above the critical
pressure PV , and a nonmagnetic ground state is realized.
18–21)
On the other hand, some compounds, such as EuPt2Si2, be-
have following the Doniach diagram. The antiferromagnetic
transition temperature TN of EuPt2Si2 decreases continuously
with increasing pressure without showing the valence transi-
tion, and TN = 0 at PV ≃ 4 GPa.22, 23) Unlike the divalent Eu
state, the trivalent Eu state is nonmagnetic (J = 0, S = L = 3).
EuPd3 is one of the few Eu compounds in which the Eu ion
becomes trivalent.24–26) The specific heat and magnetic sus-
ceptibility of EuPd3 are analyzed using the J-multiplet levels
7FJ with J = 0 − 6.27, 28)
Among Eu compounds, EuNi2P2 takes an intermediate va-
lence state and shows a significant temperature variation in
the average valence. It has been reported from Mo¨ssbauer
measurements that the average valence of Eu is +2.25 at 300
K, and it increases with decreasing temperature and becomes
+2.50 at 1.4 K.29) Specific heat measurements down to 80
mK have revealed that EuNi2P2 shows no magnetic order and
1
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forms a heavy electronic state with a large electronic specific
heat coefficient γ = 93 mJ/(K2·mol) at low temperatures.30, 31)
For the trivalent compound EuPd3, the electronic specific heat
coefficient was obtained as γ = 3.6 mJ/(K2·mol).28) There-
fore, the intermediate valence state of Eu plays an important
role in the formation of the heavy electronic state in EuNi2P2.
The hybridization between the Eu 4 f electrons and conduc-
tion electrons was reported from studies of photoemission
spectroscopy, X-ray magnetic circular dichroism, and optical
conductivity.32–35) In these circumstances, we carried out 31P
NMR measurements on EuNi2P2 to clarify its electronic state
from a microscopic viewpoint. We report on the static mag-
netic properties and low-energy fluctuations of EuNi2P2 from
the measurements of resonance spectra and relaxation rates
under various magnetic fields up to 7 T.
2. Experimental Procedure
Single crystals of EuNi2P2 were grown by the Sn-flux
method. Details of the sample preparation are described else-
where.31, 36) The crystals were powdered to facilitate applied
rf-field penetration. The NMR measurement was performed
on 31P nucleus (nuclear spin I = 1/2) by a conventional
spin-echomethod using a conventional phase-coherent pulsed
spectrometer in the temperature range of T = 1.6−300K. The
NMR spectra were obtained by sweeping the frequency and
integrating the spin-echo signal intensity step by step. The
Knight shift was referred to the 31P resonance frequency of
phosphoric acid solution, ν0 ≡ (31γn/2pi)µ0H. Here, 31γn is
the nuclear gyromagnetic ratio of 31P and µ0H is an exter-
nal magnetic field. The nuclear spin-lattice relaxation time T1
was measured by a saturation-recovery method.
3. Results and Analysis
3.1 NMR spectrum and Knight shift
Figure 1 shows the 31P NMR spectra of EuNi2P2 measured
in an external magnetic field µ0H = 1.0 T at temperatures T =
300 and 4.2 K. At 300 K, a sharp spectrum with a line width
of 190 kHz was observed. With decreasing temperature, the
line width increases, and the peak position shifts to the low-
frequency side. Since 31P has no nuclear quadrupole moment,
the resonance frequency νm can be described as
νm = ν0 [1 + K(θ)] . (1)
Here, K(θ) is the Knight shift, and θ is the angle between the
external magnetic field and the c-axis of the crystal. From the
local symmetry of the P site in EuNi2P2 (4mm in Hermann-
Mauguin notation or international notation), the Knight shift
has axisymmetric anisotropy. In this case, the Knight shift
can be written as K(θ) = Kiso + Kan(3 cos
2 θ − 1) using the
isotropic shift Kiso and the anisotropic shift Kan. The charac-
teristic powder patterns should be observed when we use ran-
domly oriented powder samples. The shape of the obtained
spectrum indicates no remarkable anisotropy in the Knight
shift. The spectrum at 4.2 K shows a tail to the low-frequency
side, which possibly corresponds to anisotropy appearing in
magnetic susceptibility below about 50 K.31)
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Fig. 1. (Color online) 31P NMR spectra of EuNi2P2 in µ0H = 1.0 T at T =
300 and 4.2 K.
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Fig. 2. (Color online) (a) Temperature dependences of the Knight shift at
µ0H = 1.0 and 7.0 T. The solid curve indicates a Curie–Weiss fit. (b) K vs χ
plot with T as implicit parameter. The solid line indicates K = [Ahf/(NAµB)]χ
with hyperfine coupling constant Ahf = −6.53 kOe/µB.
Since the anisotropy of the spectrumwas small as described
above, the Knight shift was determined by the peak position
of the spectrum. The temperature dependences of the Knight
shift measured under the magnetic fields µ0H = 1.0 and 7.0 T
are shown in Fig. 2(a). The obtainedKnight shift at µ0H = 1.0
T is in agreement with the previously reported results37, 38) and
shows no significant magnetic field dependence up to µ0H =
7.0 T. This indicates that the static magnetic and valence states
of Eu are not affected by the magnetic field. In addition, the
Knight shift has a negative value in the whole measurement
temperature range, indicating that the core polarization due
to 2p electrons is a major contribution to the Knight shift. In
2
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general, the Knight shift consists of the sum of the spin part Ks
and the orbital part Korb. Here, assuming Ks obeys the Curie–
Weiss law and Korb is independent of temperature, the Knight
shift can be written as
K(T ) =
C
T − θ + Korb. (2)
The solid line in Fig. 2(a) is the result of the fitting for the ex-
perimental data above 100 K with C, θ and Korb being the free
parameters. We obtained C = −768 %K, θ = −121.8 K, and
Korb = 0.23%. The fitted line is in good agreement with the
experimental data, which means that the static magnetic prop-
erties are dominated by the localized moments of the 4 f elec-
trons in Eu at the high-temperature region. A divalent state of
Eu has no total orbital angular momentum (L = 0). There-
fore, the finite Korb is presumed to be due to the intermediate
valence state of Eu in EuNi2P2.
At low temperatures below about 70 K, the Knight shift de-
viates from the Curie–Weiss behavior and shows a minimum
at 40 K. At the lowest temperature, the Knight shift becomes
almost constant. These characteristic behaviors indicate the
formation of a heavy electron state due to the Kondo effect.
Figure 2(b) shows the K vs χ plot. There is a good linear-
ity above 35 K; however, a change in the slope is observed
at lower temperatures. Such behavior was observed in many
heavy-fermion compounds,39) the origin of which is due to
the change in the hyperfine coupling constant associated with
heavy quasiparticle formation. Thus, the K − χ plot suggests
the formation of a heavy electron state at low temperatures.
The relationship between the hyperfine coupling constant of
Ahf of
31P and the magnetic susceptibility χ can be expressed
as
K =
Ahf
NAµB
χ, (3)
where NA is Avogadro’s number and µB is the Bohr magneton.
The hyperfine coupling constant of Ahf = −6.53 kOe/µB is
estimated from the slope of the solid line, which is fitted to
the experimental data above 30 K.
3.2 Analysis of T1
To investigate the electronic state furthermore, the nuclear
magnetization recovery curve was measured at the peak fre-
quency of the 31P NMR spectrum. When an electronic state
is homogeneous, the recovery curve for I = 1/2 is generally
described as a single exponential function given by
1 − Mz(t)
M0
= e
− t
T1 , (4)
where M0 and Mz(t) are the nuclear magnetization at the ther-
mal equilibrium condition and the nuclear magnetization at
a time t after the saturation pulse, respectively. Figures 3(a)–
3(c) show the recovery curvemeasured at temperatures of 1.7,
20, and 100 K, with µ0H = 7.0 T. Above 100 K, we can fit
the data well by Eq. (4) as indicated by the solid line in Fig.
3(a) and determine T1 uniquely. However, the recovery curve
begins to deviate from the single exponential behavior below
about 80 K. This suggests that the electronic state becomes in-
homogeneous below about 80 K for some reason. In this case,
the two-component fit is often employed. The two-component
fit means that two electronic states corresponding to each T1
are mixed; however, it is unlikely to occur in EuNi2P2. In-
stead, the analysis assuming the distribution of T1 is more
plausible. The stretch exponential function exp
[
−
(
t
T1
)β]
is of-
ten used for the analysis of the recovery curve when T1 is dis-
tributed. Detailed studies of the value and distribution of T1
of the stretch exponential function for the exponent β were
reported.40, 41) Since the distribution of T1 changes with the
exponent β, it is necessary to pay attention to the analysis us-
ing the stretch exponential recovery function when β shows a
temperature variation. On the other hand, an analysis assum-
ing the Gaussian distribution of 1/T1 on a logarithmic scale
has been reported by Mitrovic´ et al.42) According to that, the
recovery curve can be written as follows
MG(t) =
∫
Pσlog,W1(R1)e−tR1d(log10 R1). (5)
Here, Pσlog,W1(R1) describes the relaxation rate distribution
given by
Pσlog,W1(R1) =
1
σlog
√
2
pi
e
−2(log10 R1−log10 W1)2
σ2
log , (6)
where σlog is the width of the distribution on a log10 scale
and W1 is the center of the Gaussian. Therefore, W1 is con-
sidered as the most plausible relaxation rate. As an exam-
ple, the distributions of the relaxation rate calculated with
W1 = 1 and various σlog are shown in Fig. 3(d). In the limit
of σlog → 0, Eq. (5) becomes single exponential, resulting in
Eq. (4). Therefore, we regard W1 as 1/T1 in the following dis-
cussion. The dashed lines in Figs. 3(b) and 3(c) are fit using
Eq. (5), which reproduces the experimental data well. We an-
alyzed the recovery curve at each temperature using Eq. (5),
and obtained T1 and its distribution σlog. The distribution of
1/T1 below 80 K increases with decreasing temperature as
seen in Fig. 3(e).
The temperature dependence of 1/T1 at µ0H = 7.0 T ob-
tained by the analysis mentioned above is shown in Fig. 3(f).
The distribution of 1/T1 is also displayed as a color plot. 1/T1
shows an almost constant behavior at around 300 K and be-
gins to decrease slightly below about 200 K. A further dis-
tinct decrease in 1/T1 is observed below 40 K. At the lowest
temperature, 1/T1 is almost proportional to temperature, indi-
cating that the Fermi-liquid state with heavy quasiparticles is
realized.
For further investigation, the magnetic field dependence of
1/T1 was measured. In all the measured magnetic fields, the
recovery curves below 80 K deviate from the single exponen-
tial behavior. The temperature dependence of 1/T1 obtained
using Eq. (5) in various magnetic fields is shown in Fig. 4. In
the high-temperature region above 15 K, 1/T1 is not affected
by the magnetic field. On the other hand, a significant mag-
netic field dependence was observed below 15 K, revealing
3
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Fig. 3. (color online) (a), (b), and (c) 31P nuclear magnetization recovery curves at T = 100, 20, and 1.7 K, respectively. The solid lines are a fit assuming a
single T1. The dashed lines are a fit assuming the Gaussian distribution of T1 on a logarithmic scale. (d) Gaussian probability distribution of 1/T1 in the case of
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the development of the spin fluctuations in low-temperature
and low-magnetic-field regions.
4. Discussion
We discuss the relationship between the 4 f electron state
and 1/T1. As described above, 1/T1 is almost constant at
around 300 K. When the nuclear magnetic relaxation is
caused by fluctuating local moment, 1/T1 is given by
43)
1
T1
=
√
2pi(gγnAhf)
2 J(J + 1)
3ωfl
, (7)
where ωfl is the local moment fluctuation frequency, assumed
as ωfl ≫ γnH. If a fluctuation due to the exchange interaction
between localized moments is dominant,ωfl is given as ωex as
ωex =
kBθCW
~
√
6
zJ(J + 1)
. (8)
Here, z (= 8) is the number of nearest-neighbor moments.
From the values of θCW = −121.8 K and Ahf = −6.53 kOe/µB
obtained from the results of magnetic susceptibility and the
Knight shift, the relaxation rate by the local moment fluctu-
ation was estimated as 1/T1 ∼ 8 × 104 s−1 for J = 7/2 of
Eu2+. The calculated 1/T1 is one order of magnitude larger
than the experimental value, suggesting that there is another
fluctuation that is different from the fluctuation derived from
the exchange interaction. In the case of EuNi2P2, the valence
of Eu is reported to be Eu2.25+ at 300 K.29) Therefore, the va-
lence fluctuations between Eu2+ and Eu3+ affect the local mo-
ment fluctuation, and ωfl may be expressed as ωfl = ωex+ωvf .
Here, ωvf is a frequency of the valence fluctuation. The mea-
sured 1/T1 being smaller than the calculated value that takes
ωex into consideration indicates the presence of valence fluc-
tuations in EuNi2P2.
According to Eq. (7), 1/T1 is constant regardless of tem-
perature; however, the measured 1/T1 depends on tempera-
ture even in the high-temperature region as shown in Fig. 4.
As described above, the K − χ plot shows a linear behavior,
i.e., the hyperfine coupling constant does not change above
4
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40 K. Therefore, the decrease in 1/T1 below 200 K reflects
the change in the 4 f electron state of Eu. It is reported from
a Mo¨ssbauer experiment that the average valence of Eu in
EuNi2P2 is changed to the nonmagnetic side with decreas-
ing temperature.29) Hence, the temperature variation in 1/T1
near 200 K is presumably related to the average valence of
Eu. Assuming that the nuclear magnetic relaxation by the lo-
cal moment fluctuation of the 4 f electron is derived from the
Eu2+ state, 1/T fl
1
can be written as
1
T fl
1
= a(b − Vav). (9)
Here, Vav is the average valence of Eu, and a and b are fitting
parameters. If 1/T fl
1
= 0 for the trivalent Eu state, b = 3.
The dotted line in Fig. 4 is the calculated result with b = 3,
which does not reproduce themeasured 1/T1well. In contrast,
1/T1 is well reproduced by b = 2.58 in a wide temperature
range as shown by the solid line in Fig. 4. This indicates that
the intermediate valence state is not a simple combination of
divalent and trivalent states, and that the valence fluctuation
plays an important role in low-energy spin fluctuations.
A remarkable decrease in 1/T1, compared with the esti-
mated one from the temperature variation in the Eu average
valence, was observed below T ∗ ≃ 40 K. This indicates that
the shielding of the local moment due to conduction electrons,
that is, the Kondo effect, is caused. The characteristic temper-
ature T ∗ is close to the Kondo temperature TK ∼ 80 K de-
termined from the electrical resistivity.31) The temperature at
which 1/T1 begins to distribute is close to TK as shown in
Figs. 3(e) and 3(f); therefore, the distribution of 1/T1 is con-
sidered to be associated with the distribution of TK, which
is presumed to be due to a slight inhomogeneity of the aver-
age valence. Since 1/T1 does not show a remarkable magnetic
field dependence above 15 K, it is apparent that the valence
state and Kondo effect are not affected by the magnetic field
of about 7 T.
Next, we focus on the temperature range below 10 K. A
clear magnetic field dependence was observed as shown in
Fig. 4. An increase in 1/T1 accompanied by the development
of spin fluctuation was observed at µ0H = 1.0 T. An increase
in the magnetic field suppresses the enhancement of 1/T1,
and the T1T = const. behavior inherent to the Fermi-liquid
state is realized at µ0H = 7.0 T. Fisher et al. also observed
an anomaly at low temperatures from the specific heat mea-
surements.30) The specific heat divided by temperature, C/T ,
shows an upturn below 5 K and is suppressed by the appli-
cation of a magnetic field of 7 T. This behavior is similar to
the magnetic field dependence of 1/T1. However, it has been
pointed out that the anomaly in the low-temperature specific
heat should be related to a small impurity contained in the
sample,30) thus suggesting that the observed spin fluctuation
in 1/T1 is also caused by impurities. Generally, the nuclear
magnetic relaxation by impurities is easily suppressed by a
small magnetic field. In EuNi2P2, the magnetic field of about
7 T, as seen in Fig. 4, is required to suppress the spin fluctua-
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Fig. 5. (Color online) ω2res dependence of T1 at the lowest temperature. As
indicated by the dashed line, a deviation from the linear relation occurs at
more than about 50 MHz (µ0H ∼ 3 T).
tion at low temperatures. Therefore, it is unclear whether the
anomaly observed in 1/T1 is caused by magnetic impurities
or it is a novel phenomenon unique to the heavy electron state
of the Eu compound with the intermediate valence state.
In addition, the influence of the nuclear magnetism of the
Eu nucleus is also conceivable. For example, in PrFe4P12, re-
laxation by the nuclear magnetism of 141Pr nuclei with a nu-
clear magnetic moment of 4.14µN has been observed.
44) The
1/T1 of PrFe4P12 in the low-temperature and low-magnetic-
field regions showed a decreasewith increasingmagnetic field
(resonant frequency ωres). For the magnetic field dependence
of 1/T1, the fluctuation of the
141Pr nuclear magnetic moment
was analyzed, and it was found that T1 and ωres follow the
relation T1 = A + Bω
2
res. Here, A and B are parameters related
to the characteristic frequency and magnitude of the fluctu-
ation of the nuclear magnetic moment. From this result, it
was concluded that the magnetic field dependence of 1/T1
of PrFe4P12 is due to the magnetism of
141Pr nuclei. The lin-
ear relation between T1 and ω
2
res was also found in
17O NMR
in NpO2, which was explained by the cross-relaxation pro-
cess by 237Np nuclear spin.45) Eu has two isotopes, 151Eu and
153Eu, and their nuclear magnetic moments are 3.47µN and
1.53µN, respectively. Therefore, the relaxation of the
31P nu-
cleus due to the fluctuation of the Eu nuclear dipole magnetic
field may have been observed. To verify these, we plotted the
ω2res variation of T1 at the lowest temperature as shown in Fig.
5. As is apparent from the dashed line in Fig. 5, a linear rela-
tion was seen only in a very narrow range of ωres < 50 MHz
(µ0H ∼ 3 T). Although we cannot eliminate the possibility of
Eu nuclear magnetism, we believe that the increase in 1/T1 is
caused by characteristic fluctuations of other origins. To elu-
cidate these points, further studies including those of other
5
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heavy-fermion Eu compounds are required. Theoretical stud-
ies of the intermediate valence state and c − f hybridization
in Eu compounds are also expected.
5. Summary
To clarify the electronic state of the intermediate valence
compound EuNi2P2 from the microscopic viewpoint,
31P
NMR measurements were carried out in various magnetic
fields up to 7 T. In the high-temperature region, the Knight
shift follows the Curie–Weiss law, indicating that the 4 f elec-
trons of Eu are localized. The localized 4 f electronic state was
also observed in 1/T1, and the temperature variation in 1/T1
corresponding to the change in the average valence of Eu was
found. Below about 40 K, 1/T1 showed an apparent decrease
with decreasing temperature. In addition, the absolute value
of the Knight shift showed the maximum at approximately 40
K, and it became almost constant at low temperatures. These
results reveal the occurrence of the Kondo effect in EuNi2P2.
1/T1 exhibits a clear magnetic field dependence at low tem-
peratures, which is attributed to the valence fluctuation caused
by the intermediate valence state of EuNi2P2.
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